The articles in this volume are a product of the enthusiasm shown by delegates to meet in a remote corner of southern Africa and to discuss comparative physiology and biochemistry in their wider interpretation and future course. This collection reflects a small but long-standing commitment to fostering the engagement of biological research with African issues and colleagues. Comparative physiology and biochemistry are evolving, but in this we must guard against fractionation of effort and purpose. Increasingly available molecular methods are seductive in encouraging work on model species and in employing these species in place of more appropriate comparative models. Concomitantly, the comparative approach is reaching out beyond the individual organism and organism-organism interactions to establish underlying principles at ecosystem and landscape levels. The integration of molecular methods into comparative studies will require judicious selection and use of such skills if it is to be achieved without abandoning nonmodel species. The physiological and metabolic bases of ecosystem and evolutionary approaches must be underpinned by relevant data, requiring comparative researchers to accommodate colleagues contributing this specialist knowledge. These articles report distinct symposia, prefaced by a plenary paper. While each paper is itself a review of an entire symposium, they all exhibit a common theme, that comparative physiology and biochemistry are about interactions. It is our hope that the Comparative Phys-*
Introduction
The papers collected here are products of the Third International Conference in Africa for Comparative Physiology and Biochemistry (CPB), "Animals and Environments," Ithala 2004. These collected works also represent an editorial experiment in publishing conference proceedings. Conference volumes usually collect the individual papers from specific individual symposia and meld these into a larger picture of advances made in that symposium. In contrast, the majority of papers in this volume are syntheses or overviews of entire symposia. Thus, the volume reports the views from 12 symposia, a plenary presentation (Lovegrove 2006) , and a hopefully entertaining denouement to the volume and the meeting. Some chairs coopted speakers into a synthetic compendium to review the papers from their symposium, whereas others elected to produce an overview of their specific symposium theme. Thus, a total of 43 individual delegates engaged in the authorship of the papers, which benefited from the contributions of a further 38 delegates as well as other nondelegate authors who presented papers in the relevant symposia. Each of these papers represents a contemporary synopsis in its own right, and together they summarize more than 90 individual contributions of delegates and authors. The breadth, diversity, and depth of the material presented reflects the raison d'être for the CPB in Africa meetings.
Ithala 2004
Ithala 2004, "Animals and Environments" (see collected papers from Ithala 2004 in International Congress Series, 2004 , vol. 1275 , was held in the Ithala Game Reserve, in the highlands of Zululand in South Africa. The conference followed the ethos of the previous meetings held in Kruger National Park (see collected papers from Skukuza 1997 in South African Journal of Zoology, 1998, vol. 33, pp. 53-140) and Chobe National Park (see collected papers from Chobe 2001 in Comparative Biochemistry and Physiology A, 2002, vol. 133, pp. 419-899) and will be followed by Mara 2008, "Pressures of Life: Molecules to Migration." (Mara 2008 , the Fourth International Confer-ence in Africa for Comparative Physiology and Biochemistry, will be held July [19] [20] [21] [22] [23] [24] [25] 2008 , in the Maasai Mara National Reserve, Kenya.)
The magnificent location at Ntshondwe Camp provided an unparalleled opportunity for international delegates to meet in a cloistered but relaxed environment in a special and secluded corner of Africa for a week of relaxed and contemplative discussion of adaptive animal physiology and biochemistry as well as an opportunity to view it firsthand. The meeting was organized to afford little prospect for escape from discussions of new ideas and new collaborative ventures but concomitantly offered unique prospects for delegate-environment interactions. Symposia started with the rising of the sun against the backdrop of the sounds and sights of the African bush. The papers were presented under thatched roofs in the morning, while the afternoons and evenings were held free for informal business. The format provided for the opportunity to discuss physiological and biochemical adaptation of animals while actually touring the majestic Ithala Game Reserve or while sitting and gazing over the mist-shrouded greenery of the Pongola Valley to the far horizons and hills of Zululand. Where else would it be possible, for example, to discuss O 2 sensors in response to hypoxia in fossorial mammals and less than an hour later step outside and see an aardvark in the field-one of the most reclusive mammals in Africa? Conversation ranged from the general and perennial "What's the blood pressure in a giraffe's ankles?" to specific and vibrant themes such as "set points in determining insect ventilation" and the "evolution of 20,000 generations of E. coli." The difference with the usual hotel and resort meeting scene was that one could readily find a giraffe to observe and be visited by any number of variety of insects! The E. coli never became a problem! These meetings in Africa for CPB were conceived, in part, to bring delegates into Africa, to expose them to Africa and African problems, and to promote interaction with their African research colleagues. Importantly, the meetings continue to provide special opportunities for indigenous African researchers and all involved in biological research in southern Africa to present and showcase their work and their institutions. Today, as we finalize the draft of this perspective, the leaders of the G8 nations are meeting in Gleneagles, Scotland, with Africa firmly on the agenda. In his public welcome (see http://www.g8.gov.uk), Prime Minister Tony Blair begins, "SubSaharan Africa is the only region of the world that has got poorer in the last generation." Academia and scholastic endeavors are microcosms of society and in Africa thus inevitably ebb and flow in response to tides created far from their own shores. Of the nine countries referred to in the U.N. Development Program as peripheral to technological advancement, six are from the African continent (Human Development Report 2001 , see http://hdr.undp.org/reports/global/2001 Narváez-Berthelemot et al. 2002) . Even in South Africa, the economic powerhouse of sub-Saharan Africa, the value of currency has recently fluctuated, down and up, by more than 50% in a year, let alone within the three-year term of the average research grant. Reflect on your own research planning and contemplate the difficulties of finding everything suddenly 60% more expensive.
Much excellent research is done in Africa by "teams" visiting from the industrialized countries (e.g., Narváez-Berthelemot et al. 2002) , although most include local and indigenous colleagues in their work. This is positive and excellent, but how many African researchers are leading field investigations in, for example, the North American Rockies, the wilds of Scotland, or the northern tundra of Europe and Asia? Would they even get visas for such? Currently, much significant biological research is perforce, like economic aid, "visited on" indigenous African problems. The long-term prospects for Africa and those for biological research in Africa surely reside in removing the impediments to Africans helping Africa address African issues rather than in palliative restoratives. "Science alone cannot save Africa, but Africa without science cannot be saved. So what can be done to revive African science, and who is responsible for leading such an effort?" (Hassan 2001 ; at the time of writing in Science, M. H. A. Hassan was president of the African Academy of Sciences and executive director of the Third World Academy of Sciences, Trieste, Italy).
In a small way, the CPB in Africa meetings have striven for the past 10 years to address and redress this issue. Supported attendance at Ithala 2004 of indigenous delegates was provided to nationals from Botswana, Ethiopia, Sudan, and South Africa, almost all of whom presented papers. The willingness of delegates to come together at a remote location provided an injection into the local economy of a remote corner of South Africa and supported conservation efforts. In this regard, our thanks go to Ezemvelo KwaZulu-Natal Wildlife, Ithala Game Reserve, and the staff at Ntshondwe Camp.
Biological, molecular, and biochemical research, particularly in South Africa, is now slowly burgeoning within a climate, throughout southern Africa, of political change and evolution that strongly influences research opportunities and directions within the university systems (e.g., Ingwersen and Jacobs 2004) . Increased investment in biological research seems increasingly important in maintaining global biodiversity (e.g., Meir et al. 2004; Rodrigues et al. 2004) , and regionally this product must be seen to be an economic asset. It is our hope that Ithala 2004 and the CPB in Africa meetings contribute to this is in some small way and that they will continue to do so in future.
The symposia from Ithala 2004 featured in this collection cross the spectrum of organismal organization from molecules to animals in their environments and illuminate what is required for them to succeed in those environments. Reductionism in biological research reached a pinnacle at the end of the twentieth century and, as the detailed resultant data exponentially grew, spawned a tendency to progressively more specialized scientific meetings or meetings that have grown so large that even the pretense of holistic biology has often and necessarily been forsaken. Unlike the sectional structure of many international meetings, Ithala 2004 was organized to encourage delegates to attend the entire range of papers from a variety of fields and to meet colleagues not previously encountered. From such synergies and collaborations spring new ideas, often from existing data and information. "Animals and Environments" brought together molecular, cellular, biochemical, physiological, ecological, and evolutionary approaches, with a view to fostering synergistic interactions between them and with the aim of improving our appreciation of the interaction with, and response to, environmental circumstances. In a time of persistent reductionism in all aspects of science (e.g., Andersen 2001; Verschuren 2001) , the meeting created a special environment with time to discuss both the breadth and the depth of adaptive animal biology from more holistic perspectives.
The works collected here reflect an appreciation within the community of comparative physiologists and biochemists of the importance of integrative, multihierarchal, and synthetic approaches to adaptive and evolutionary animal biology. The intent of the CBP in Africa meetings is to promote, within the context of Africa, the association of colleagues both in the showcasing of quality research and, importantly, in fostering new synergies and bridging between established paradigms.
Evolutionary Physiology: Energy Flux
A need to embrace more fully a multihierarchal and interdisciplinary approach is clearly implicated in the Ithala 2004 plenary paper, delivered by B. Lovegrove (2006, in this issue) . Lovegrove (2006) outlines how the question of animal "fitness" might be addressed if questions of animal homeostasis and aspects of life-history evolution could be addressed using the same currency of measurement, energy flux. He argues that interdisciplinary synergy should power the development of evolutionary theory (see also Chown and Storey 2006, in this issue) . One aim of the paper is to assist the recognition and definition of evolutionary physiology. The same principle of energy flux as a unifying currency has apparently been employed by Porter et al. (2002) on a landscape scale. It may also be argued that the metabolic theory of ecology proposed by Brown et al. (2004) is at its essence about energy flux (see arguments in Chown and Storey 2006) . Lovegrove (2006) draws on his material published since 2000 to address animal fitness with regard to lifehistory traits, offering, en passant, the critique that the macroecological models of "reproductive power" have insufficient physiological input. Central to the idea that selection forces might act differently on differently sized animals is the illumination of the diversity in metabolic scaling factors in different zoogeographical zones (cf. West and Brown 2005) . Crucially, Lovegrove (2006) identifies predator-prey relationships as unappreciated features in the evolution of energetic traits (Lovegrove and Haines 2004) . The suggestion that basal metabolism might be directly selected in the evolution of body size, life-history traits, and the variable homeothermic set points in mammals at different latitudes is seemingly at odds with other models for the evolution of endothermy (e.g., Bennett et al. 2000) . Interestingly, he makes the suggestion that if changes in gene expression are associated with changes in resting metabolic rate, this may mean that basal metabolic rate is sensitive to selection.
In this regard, it seems crucial to us that holistic approaches to these problems remain sensitive to the difference between transcriptional regulation and posttranslational controls (see also Pörtner et al. 2006, in this issue; Storey 2006, in this issue) . The latter are part of the phenotypic plasticity and in many ways are buffers against selection between genotypes rather than vehicles of selection (e.g., West-Eberhard 2005) .
The paper advances the idea of constraints on body size due to competing selection forces, which leads to Lovegrove's "bow tie" distribution (Lovegrove 2000 (Lovegrove , 2001 . Again, this seems to be the antithesis of the "common cause" underlying the evolution of endothermy (White and Seymour 2003) . This plenary paper concludes that macroecological models need to take more heed of specific physiological and morphological traits (see also Chown and Storey 2006) , while the trade-offs between beneficial and nonbeneficial traits need empirical proof. The paper reminds us that fitness accrues with breeding success, which requires an investment of energy, and that this fitness will be maximized if the energy for this is maximized without any important loss of fitness caused by "stealing" energy from growth and maintenance. The definition of evolutionary physiology provided by Lovegrove (2006) leaves the reader contemplating whether he is advocating a larger mechanistic physiological input to landscape and ecosystem models or whether he is imploring comparative physiologists to take a larger amechanistic view and whether indeed that is perhaps his point.
There are technological and methodological challenges in taking comparative physiology from the laboratory and employing it to probe environmental, behavioral, and ultimately evolutionary events and trends (Goldstein and Pinshow 2002, 2006) . However, these authors remind us that measuring and quantifying the organismal response to changes in environment is a necessary and expected part of providing value to energy currency as it used, for example, by Lovegrove (2006) or Porter et al. (2002) . Goldstein and Pinshow (2006, p. 237, in this issue) , citing the review of Costa and Sinervo (2004) , state that the "'uncontrolled' nature of this environment [working in the field] adds challenges to the elucidation of mechanistic cause and effect, [and] it places physiology into a context that can yield novel insights not attainable in the laboratory," strongly echoing Lovegrove (2006) in exhorting comparative physiologists to get out into a larger arena. Not only are advances in molecular biology attracting physiologists to systems approaches or multihierarchal analyses, but as Goldstein and Pinshow (2006) point out, it is also the advances in measurement, data logging, and telemetry technologies that make field-based studies possible (e.g., Cooke et al. 2004) . Behavior is illuminated as an important adjunct to physiological response, as Goldstein and Pinshow (2006) alert us that on one hand it may remove the need for complex physiological response, while on the other hand it may, over time, modify, enhance, or even evoke the physiological capacity. Thus, outside of the laboratory behavior is an essential part of the phenotypic plasticity through which selection is mediated. Goldstein and Pinshow (2006) also pick up the theme of modulation of basal metabolic rates, most especially in respect of thermal acclimation. Recognition and quantification of physiological demands under relevant field conditions reveal envelopes of conditions that phenotypic capacity can accommodate and is of immediate utility in conservation for prognostication of fitness. Such fieldwork is clearly limited by available technology, but Goldstein and Pinshow (2006) see the application of these evolving methods as fundamental to achieving the holistic approaches advocated by Lovegrove (2006) and Porter et al. (2002) .
The physiological processes involved in foraging range from behavioral adaptations to molecular mechanisms. Understanding the natural variability in both the environment and animal behavior could provide insight into patterns of adaptation or behavior that are not evident in laboratory studies (Burns et al. 2006 , in this issue). These authors discuss using field data to test hypotheses about how behavioral strategies relate to environmental dependency of foraging, digestion efficiency, development, and growth. Their conclusions-that foraging strategies and behaviors are limited by physiological and biochemical processes and that time is a major influence in the organization of foraging as well underlying physiology-are an important restatement of cost benefits in managing and utilizing the energy flux from environment through individuals to reproductive success, that is, maximizing fitness. The paper introduces a concept of cooperative hunting that must exist as a variable in the cost-benefit analysis and energy flux within the larger system.
Foraging behavior, an energy investment, is apparently distributed through time quite differently for marine and terrestrial mammals (Williams and Yeates 2004; Burns et al. 2006) , and without understanding of the ecology, the importance of scaling or integrating over longer periods of time would not be appreciated. Energy flux can also be managed by individuals minimizing energy consumption when not foraging, for example, in the sit-and-wait strategy of some snakes (Secor 2003) , and thus cost savings may be appreciable. However, once more, there are energetic trade-offs (Secor 2001) . Burns et al. (2006) emphasize how physiological response is firmly integrated with behavior but also how the ontogeny of physiological capacity may limit behavior. Obviously, this is a basis of why selection may act differentially on neonates, juveniles, adults, and breeding adults.
The longer-term view is especially important in situations of seasonally available resources and promotes the need for energy storage, usually as fat. Problematically, energy storage may itself have a cost. Burns et al. (2006) draw attention to models of fat storage in large herbivores (Owen-Smith 2004) . Importantly, the predictions clearly depend on the season, such that in good seasons fat storage should be delayed and minimal and under adverse conditions stored sooner and for longer. Survivorship and lifetime success of individuals in such species are thus dependent on the extent of phenotypic plasticity in varying responses integrated over several seasons. Burns et al. (2006, p. 245) conclude that dynamic state-dependent models predict that "animals should not always operate as rate maximizers for energy or nutrient gains." Like Goldstein and Pinshow (2006) , these authors see the introduction of field usable technologies, such as stable isotope analysis, as crucial. Framed as energy flux (cf. Lovegrove 2006), the conclusion reached by Burns et al. (2006) is that animals cope with the variability in energy availability by employing foraging strategies that allow integration of fluctuations in available energy across time and that their responses are evident in the supporting physiology, behavior, and life-history strategies.
The limitations and consequences of intermittent feeding are specifically considered by Barboza and Hume (2006, in this issue) in relation to integration over time (cf. Burns et al. 2006) . Generally, the shortest cycles of food intake are associated with patterns typical of endothermic predators and migratory birds and also show the greatest amplitude in the intake, that is, a large daily excess of food. Much longer cycles and net shortages are more typical of ectothermic predators and of ungulates in seasonal environments. What seems to be important is accommodating any daily excess or deficit resulting from any change in amplitude and/or the length of each cycle. The digestibility of the food and thus diets with high concentrations of digestible energy should favor increases in food intake because there is little "packing" material to be accommodated. Thus, carnivores generally consume digestible foods with a high digesta flow rate. High food intakes require upregulation of tissue and digestive processes (see also Burns et al. 2006) , and this represents a distinct cost. There is, it seems, no such thing as a free meal! The model used by Barboza and Hume (2006) employed a constant scaling factor, but some generalities emerge. Endotherms with high costs of activity or high heat production requirements should be most intolerant of fluctuating and/or deficient food supplies. This is interesting with regard to Lovegrove's (2006) accounting of different thermoregulatory set points in mammals from different latitudinal and zonal habitats. The model shows an inverse relationship between investment in reproduction and net energy deficits. The greater the reproductive reliance on immediate dietary energy uptake, as compared with seasonal sources, the greater the intolerance of hypophagia (cf. life-history traits; Lovegrove 2006) . Despite the debate about the diversity of scaling factors, it is clear that smaller animals have a higher mass-specific requirement-thus, larger animals should have a greater innate tolerance of deficits (see also Owen-Smith 2004) . In small animals, there is an increased likelihood that lack of a daily dietary income will impact reproductive success. Barboza and Hume (2006) conclude that life-history patterns with slow rates of investment or large stores for reproduction should be tolerant of hypophagia.
In the context of environment, energy and water are linked because aridity usually reduces trophic resources and productivity (Lillywhite and Navas 2006, in this issue) . Generally, Lillywhite and Navas (2006) echo concerns that despite remarkable advances in molecular biology, the importance of constraints imposed by environment in interacting with phenotypic capacity is inadequately understood, citing Brown et al. (2004) as a proponent of an integrative approach. (See Lovegrove 2006 for a critique relating to the debate about fitness between Brown et al. [1996] and Kozłowski [1996] .) The importance of appreciating responses and interactions under uncontrolled field conditions is again emphasized, as is the central role of plasticity of structure and function. Lillywhite and Navas (2006) also highlight the importance of alterations in expression of existing genotypes rather than evolutionary selection and refer us to Phenotypic Evolution by Schlichting and Pigliucci (1998) .
Physiological variation within the life history of an individual can have profound implications for fitness (e.g., Pörtner et al. 2006) . In concert with preceding authors, Lillywhite and Navas (2006) suggest that modeling might assist in understanding important synthetic links between physiology, ecology, biogeography, paleobiology, and evolutionary biology. Lillywhite and Navas (2006) refer us, for example, to the diversity of Brazilian amphibia and their adaptations by way of trade-offs between minimizing water loss and energy expenditure while maximizing water gain and growth. Ancillary to this, they address the question of whether desert species have a lower maintenance water requirement (Nagy 2004) . The water economy index (WEI; e.g., Nagy 2004) usefully relates water usage to energy. The WEIs of some desert-dwelling mammals are lower than those of nondesert species, while some desert endotherms actually have WEIs lower than those of desert ectotherms, all of which supports some of Lovegrove's (2006) contentions as to the modifying role of habitat. Lillywhite and Navas (2006) argue that water is so closely tied to vital physiological functions that the scope for conservation may be very limited. In such cases, it is the combination of behavioral traits and ecology that creates extreme conditions within which selection may operate. That such selection, in response to dessication, can occur is exemplified by Gibbs and Vanier's (2003) work on Drosophila, which showed increases in body size and water and carbohydrate storage.
Body size is discussed as fundamental to water loss and the expression of cellular components such as membrane aquaporins as part of the regulative adaptation. Finally, avoidance and tolerance of freezing of body water are reviewed in relation to depression of metabolic rate and the possibility that freezing may perturb the integration of metabolism rather than just cause physical damage (e.g., Sinclair et al. 2004 ). Lillywhite and Navas (2006, p. 271) conclude that "specific adaptations for acquiring and conserving water have an effect on the intake and use of energy, which in turn affect the discretionary energy available for growth and reproduction (fitness)."
Thermal Biology and Temperature as a Currency of Energy Flux
The influence of environment in determining phenotype is highlighted by several of the previously mentioned authors. In many reptiles, the effect of environmental temperature has an overwhelming effect on hatchling phenotype, most especially in determining gender (Booth 2006 , in this issue). The phenotypic effects, Booth (2006) suggests, include the influence of incubation temperature on posthatch locomotion performance and growth (fitness). Thus, Booth (2006) addresses reptile nest temperature, namely, global warming (e.g., Nelson et al. 2004) and the potential influence thereof on hatchling performance (Booth et al. 2004; Georges et al. 2005) .
Temperature-dependent sex determination occurs in species that have persisted through several ice ages, and thus the specific concern is that temperature changes will occur too quickly for compensatory adaptations. However, Georges et al. (2005; A. Georges, personal communication) suggest that global warming may not have this effect if the nests experience large diel temperature fluctuations. Nests with eggs at different depths consequently show different sex ratios in hatchlings from near the surface compared with those deeper in the nest. Booth (2006) suggests that the model (e.g., Georges et al. 2005) can explain why species with wide latitudinal distributions do not vary widely in sex ratio.
Locomotor performance increases with incubation temperature in turtles but decreases in lizards. Furthermore, locomotor performance is maximized under a daily fluctuating temperature incubation regime. Hatchlings also tend to be larger, if not heavier, at lower temperatures, which seems to be due to increased allocation from the yolk reserve. As to whether this is advantageous in improving fitness, Booth (2006) concludes that empirical evidence is required.
The importance of temperature in providing a mosaic of habitats and environments, in both space and time, is reflected in two complimentary and wide-ranging symposium syntheses. Angilletta et al. (2006, in this issue ) provide a conceptual model of coadaptation to probe the heterogeneity of thermal responses in ectotherms. Pörtner et al. (2006) examine trade-offs and explore comparative approaches to divining evolutionary changes in species with longer generational times and advocate a multihierarchal approach to data collection and analysis. Both papers emphasize the necessity of incorporating data from all levels of animal organization and testing results at ecological and landscape levels.
Thermal biology, through fundamental principles of thermodynamics, is viewed as central to explaining physiological, ecological, and evolutionary patterns (Angilletta et al. 2006 ). On one view, this is the spending of the currency of energy flux alluded to by Lovegrove (2006; see also Brown et al. 2004 ). Indeed, Angilletta et al. (2006) see interactions among levels of organization as a mechanistic (energetic) cascade including a feedback loop. Thus, expression of genes shapes the behavior, but this in turn modifies physiological state and subsequent gene expression (see "dynamic state" in Burns et al. 2006) . Importantly, as a consequence, thermal responses at biochemical levels cannot be used to predict changes at higher levels of organization (e.g., Chaui-Berlinck et al. 2004) . Similarly, Pört-ner et al. (2006) contend that it is not possible to comprehend adaptation using either exclusively biochemical analyses or exclusively ecological approaches. The challenge is to understand the hierarchal interactions and the evolution of the mechanistic cascade (Angilletta et al. 2006) . Pörtner et al. (2006) see an integration of molecular, cellular, organismal, and ecological information as a requirement in probing the mechanistic links between organismal physiology, fitness, and ecological success (the bases of thermal limitation, acclimation, and adaptation). Angilletta et al. (2006) outline a two-dimensional continuum of thermal heterogeneity that contains all species, bounded on one axis by thermoregulation and on the other by thermal sensitivity. Pörtner et al. (2006) see these somewhat differently as the location and width of individual thermal windows in the temperature scale occupied by aquatic ectotherms and see that differing thermal windows for various species shape ecosystems. Both the position and plasticity within this plane or window may be adjusted, for example, in response to season, by acclimation, which may itself be altered by natural selection, and by the evolution of new traits. Angilletta et al. (2006) argue that a principle of coadaptation emphasizes the simultaneous evolution of thermoregulation and thermal sensitivities and explains the variability in adaptive responses to thermal heterogeneity. The adaptive outcomes are a consequence of a combination of behavioral and physiological strategies, and thus selection should produce organisms with suites of traits that are coadapted. The authors consider evidence from reptiles that shows that the costs and benefits of thermoregulation influence the resultant body temperature but also that the thermoregulatory behavior of reptiles is extraordinarily flexible (e.g., Bennett 2004) . The costs in thermoregulation include influences such as predation, in which predators have their own and different thermoregulative strategies, and small body size, which increases reliance on behavioral thermoregulation. Angilletta et al. (2006) point out that eurythermy evolves far more often than would be predicted. The authors challenge a rather Darwinian tenet of contemporary thermal biology, that an increased performance at one temperature compromises performance at other temperatures-suggesting that both are actually possible. Pörtner et al. (2006 , citing Sibly 2002 suggest that there must be a point at which improvement in one trait is achievable only as a trade-off expense of others. However, these authors also point out that many traits show no adjustment and could be argued as evidence against tradeoffs being universal. In this light, Angilletta et al. (2006) question the tendency to consider selection and gene expression only in the respect of their contribution to thermal biology, whereas trade-offs undoubtedly include other costs and benefits.
Both Angilletta et al. (2006) and Pörtner et al. (2006) raise the issue of permanent developmental changes in an expressed phenotype, morphogenesis, as compared with reversible responses, seasonal acclimation. An important conclusion (Angilletta et al. 2006, p. 287 ) is the rejection of the assumption of beneficial acclimation, and thus there is a need to "critically evaluate adaptive explanations for phenotypic plasticity." Both Angilletta et al. (2006) and Pörtner et al. (2006) , and indeed all the contributions to Ithala 2004, conclude that more effort must be devoted to understanding benefits (of acclimation) in natural environments and that this requires an approach that is both cross-disciplinary and multihierarchal. Thus, in expounding on coadaptation, Angilletta et al. (2006) comment that environments in which thermoregulation has a low cost will favor specialists in precise thermoregulation; trade-offs between costs and benefits should occur at the biochemical (alternatively, the molecular) level and may not be manifest at the organismal level (also Angilletta et al. 2003) . Thus, net benefits of thermal regulation and acclimation will depend on strategies adopted by other species and that species within the same community must be expected to have different thermal sensitivities and performance.
This theme is taken up by Pörtner et al. (2006) , who, starting with the idea that thermal compensation is the maintenance of physiological rate despite change in temperature, suggest that this can be assessed for cellular processes and at higher integrative levels of animal organization, including the whole organism. Thus, these authors advance, at least for water breathers, the concept of oxygen-and capacity-limited thermal tolerance, which suggests that limitations in oxygen supply systems (ventilation and circulation) are crucial to thermal adaptation. The argument is that such limitations will shrink the size of usable thermal windows (increase thermal sensitivity in the two-dimensional model of Angilletta et al. [2006] ) and that within these windows, aerobic performance, thereby ecosystem functioning, is directly integrated into physiology and behavior. Pörtner et al. (2006) conclude there are trade-offs between tolerance of extremes and plasticity of tolerance limits. In other words, species that are well suited to extreme temperatures live near the upper margin of their thermal windows and have little capacity left for further adjustments.
How thermal compensation might be integrated within the animal is of some concern. Pörtner et al. (2006) reexamine symmorphosis in mammals, a concept that proposes that functional capacity of any part of a system be constrained to match that of the components together (Hoppeler and Weibel 1998) . They appear to relate this to a coordinated homeostasis in the thermal response of ectotherms (e.g., Podrabsky and Somero 2004) while simultaneously asking whether individual cells should show any compensation or whether such compensation might be mediated through rate-limiting processes. Latitudinal variations in life-history traits may be related to differences in metabolic rates of individuals from different populations and mediate life-history trade-offs (see also Lovegrove 2006) , but the role of physiology in generating geographical variation in life histories is less well understood than is the role of the environment (Pörtner et al. 2006) . Finally, echoing the conclusions of Barboza and Hume (2006) , these authors suggest that temperature constraints may limit feeding, digestion, and absorption.
Molecular Ecological Physiology: A Bright New Future?
The integration, or lack thereof, in molecular physiology and ecology, and thereby in the study of evolutionary physiology, is addressed by Chown and Storey (2006; cf. Lovegrove 2006) , who outline four reasons why more integration must and should occur. First, the evolution and mechanisms of physiological response require integration into ecological, phylogenetic, and paleontological contexts. Second, ecology is increasingly making assumptions about animal response to abiotic factors. Third, the life-history theory is essentially about utilizing energy to maximize fitness, which is essentially physiology. Fourth, higher hierarchal levels of biological organization must be understood (cf. Porter et al. 2002) if molecular studies are to reveal the mechanistic basis of response and if we are to comprehend trade-offs. Chown and Storey (2006) also recognize temperature as one of the most significant abiotic factors. In their view, temperature (and water) determine available energy (see also Lillywhite and Navas 2006) and thereby animal density and eventually species richness (e.g., Evans et al. 2004) , which, as they comment, has obvious implications for the consequences of global warming. Chown and Storey (2006) examine responses of ectotherms by using insect examples to look at geographic variation in responses, that is, at the macrophysiological level (e.g., . At global, regional, and local scales, it seems that the range of upper thermal tolerances is small compared with the range of lower thermal tolerances and that the upper range shows greater variation with latitude and/or altitude. This is somewhat different from the conclusion reached by Pörtner et al. (2006) for aquatic organisms, which proposed that insufficient mitochondrial activity at the low end and oxygen insufficiency at the high end account for limits in water breathers. Citing work of Chown's group and others, they conclude that the efficiency of the tracheal oxygen delivery system in insects removes oxygen as a limit to upper thermal limits (Chown et al. 2006, in this issue) . By this argument, it is not failure of O 2 delivery but rather cell-level responses that are important in insects (Chown and Nicolson 2004; Chown and Storey 2006) . Such divergence in opinion as to the nature of limits of organismal response to environment illustrates the difficulties inherent in marcoecology, macrophysiology, landscape-level analysis, or any metabolic hypotheses of ecology.
The survival of hypoxia or even anoxia is being studied by concerted efforts at the ecological, physiological, and biochemical levels (Chown and Storey 2006) . The following two principles emerge: the reversible suppression of multiple cell enzymes (post-translational controls, e.g., covalent modification) and anoxia-induced changes in gene expression (for reviews, see Storey 2004; Storey and Storey 2004) . Despite global suppression of transcription and translational activity in response to anoxia, some genes are upregulated. Probing of cDNA libraries and DNA screening has more recently revealed large numbers of genes whose expression is upregulated in anoxia (Storey 2004 ). Chown and Storey (2006) quite rightly tell us that such gene explorations are producing many novel leads for biochemists, physiologists, and ecologists alike.
Torpor and hibernation similarly require global controls at all levels of organismal organization and represent large potential energy savings for endotherms (Heldmaier et al. 2004 ). Chown and Storey (2006) remind us that ATP flux is continuously adjusted within very short periods of time and that the majority of stored metabolic fuel is usually lipid. Lipid storage and utilization are thus targets for evolutionary adaptation because lipids fuel resting metabolism and the maintenance of routine activity while carbohydrates support intensive exercise. The phylogenetic constancy of this observation has recently been upset by the remarkable discovery of a different type of (carbohydrate) support for shivering (Haman et al. 2004) , and the implications, in, for example, long-distance migration must be explored (Chown and Storey 2006) . In torpor, both transcriptional and translational activity are reduced, but posttranslational controls are again important because, for example, they inhibit fuel flux into the mitochondria. Hibernation and/ or torpor is not exclusively linked to cold exposure, and Chown and Storey (2006) suggest a more ancient origin linked to seasonal availability of food. These authors also ponder the metabolic scaling models of Brown, West, Enquist, and colleagues (e.g., West and Brown 2005) , whose principles were encapsulated by a metabolic theory of ecology (Brown et al. 2004 ). Like Chown and Storey (2006) , we see this theory as enormously useful in provoking both thought and research but at this stage would be more comfortable viewing it as a hypothesis to be tested. In essence, metabolic rate determines energy needs and controls ecological processes at all levels of organization, up to and including ecosystem level and thus biodiversity. This debate was taken up by , but we encourage taking a long weekend to read work by, for example, Porter et al. (2002) , Brown et al. (2004) , Kozłowski and Konarzewski (2004) , Helmuth et al. (2005) , and Lovegrove (2006) .
Regardless, it seems to us that the problem will very soon be assimilating and integrating the wealth of molecular leads into any sort of experimental physiological, ecological, or evolutionary framework. Integrative or systems biology must be more than the collection of molecular data and must incorporate bioinformatic analysis, which is much more than an exploration of the relationships between genes and their expressed proteins (e.g., Droit et al. 2005) . The roles and responsibilities of comparative physiologists and biochemists in this evolution seem clearer than those of their molecular colleagues. One of the several prerequisites outlined by Chown and Storey (2006) is the establishment of a common and understandable vocabulary. Importantly, they conclude by addressing one of our concerns, the role of an integrated approach in adding to the quality of life. Interestingly, the success of Homo sapiens bespeaks species fitness, but this must be questionable where that success leads to environmental stress, perhaps precipitating deleterious and permanent changes in environment and ecosystem structure.
Emerging technologies in genomics, proteomics, and metabolic regulation doubtless offer powerful tools to comparative biochemists and, according to Storey (2006) , should be ignored by comparative physiologists at their peril. He points out that these technologies are rapidly becoming more accessible. The view of Storey (2006) , that gene and protein screening technologies will drive a fundamental shift in the way that response to environment is assessed, is a phenomenon probably already well on the way, but the ancillary opinion that this approach offers a holistic overview extending to physiology was not fully endorsed by all delegates to Ithala 2004. Arguably, if one accepts a metabolic theory of ecology (e.g., Brown et al. 2004 ) as some sort of unifying principle (e.g., , then a full appreciation of metabolic controls from gene and protein screens should explain all.
The symposia focused on two examples by which to demonstrate the utility of molecular approaches to comparative biologists: low oxygen signaling and nutrient (fuel) signaling (Storey 2006) . The screening of cDNA libraries has revealed upregulated genes in anoxic marine intertidal gastropods (Storey 2004) and in freezing frogs that would likely not have been detected by other methods. Heterologous cDNA screening, that is, probing gene expression of one species with cDNA libraries from another, can be useful, but the cross-hybridization can become very low when the species are phylogenetically distant. Nonetheless, more than 300 anoxia-responsive genes were found by probing a gastropod with human cDNA arrays. This, in our view, potentially raises a new and different problemhow useful is this information before it can be integrated into organismic response? How truly holistic is it to have many, many genes, some with an assigned protein product, but yet not know what they do? The huge advantage is that new avenues of questioning are opened (Storey 2006) , but the problem is that these avenues need to be investigated.
Proteomic approaches are becoming accessible to most comparative biologists (Storey 2006) , and these have the great advantage of allowing analysis of changes in the proteins themselves rather than inferring this from changes in mRNA levels, which may be perturbed by posttranscriptional modifications and posttranslational changes in protein structure. In reference to the work of MacDonald and others (e.g., MacDonald and Borman 2004), we are also advised that it is increasingly possible to focus on specific subsets within the proteome and to separate specific proteins, especially in regard to likely protein-protein interactions in vivo.
Energy flux (metabolic efficiencies) has been acknowledged, in one form or another, as central to adaptive and thereby evolutionary physiology. Consistent with a metabolic basis to ecosystem functioning, Storey (2006) outlines the importance of protein kinases with reference to AMP-activated protein kinase (AMPK; Hardie et al. 2003; Hardie 2004) . AMPK seems to be ubiquitous throughout eukaryotes and may prove to be a key central control and integration step. In simple terms, it is responsive to changes in adenylate energy charge in such a way as to allow discrimination of response between hypoxiatolerant and hypoxia-intolerant systems. Storey (2006) utilizes the work of Gorr and coworkers (see also Gorr 2004) on hypoxia-induced factors (HIFs) to illustrate how molecular methods can be employed with invertebrate and nonmodel species. The ability to sense and respond to oxygen availability is crucial to most organisms (Storey 2006) and is highlighted by the work of Willmore (2004) and Gassmann (e.g., Vogel and Gassmann 2004) on HIF-1-dependent gene expressions. The HIF system seems to be largely intact and to have similar regulation in all vertebrates studied to date (Storey 2006) and probably occurs throughout the invertebrates (Gorr 2004; Morris 2004; Head and Terwilliger 2005 ). An important methodological advance is highlighted, whereby protein-protein interactions can be detected by conjugating specific sequences into the relevant gene, which is then overexpressed in the cells, which in turn can be lysed, with the tagged protein immunoprecipitated using agarose beads carrying the antibody for the peptide tag from the conjugated sequence. Dissociating two-dimensional electrophoresis then reveals the protein of interest. Storey (2006) highlights how this molecular approach has revealed aspects of the in vivo functioning (binding) of HIF-1a under normoxic and hypoxic conditions and the existence of "helper" proteins.
How long will it take to evaluate similarly the plethora of environmentally induced changes in gene expression that will result from wide-ranging screening techniques? Storey (2006) relates the concerns of Karyn Esser (and others) that cDNA screening often amounts to a "fishing exercise" but goes on to say that the approach can nonetheless be extremely informative, using Esser's work in mammals as an example (e.g., Hornberger et al. 2004) . This work examines an intracellular signaling molecule (mammalian target of rapamycin) that appears to control protein synthesis and cell size. This is mediated through adenylate energy charge (see also AMPK of Hardie, above) and nutrient levels. For Storey (2006, p. 330) , an exemplary aspect of this work was that it identified and assessed "key molecular adaptations [that] leave no readily detectable physiological footprint." Further, he envisages that many advances will now come from discovering stress-responsive changes in gene expression and establishing their physiological significance rather than from unravelling the intricacies of observed physiological and evolutionary phenomena.
While this is undoubtedly to some extent true, it seems to underestimate the necessity of real-life assessment of organismal response-after all, fitness is the sum of all of the responses, and the prospect of divining this from the "bottom up" is, at the very least, extremely daunting. Storey (2006) apparently recognizes this also because in summary he laments that progress is slowed due to the fractured approach in comparative studies. As part of the reasoning, Storey (2006) correctly points out that a very limited number of molecular-level researchers have any interest at all in molecular mechanisms that underlie physiological ecology; that is, they are either boring or irrelevant.
It is uncertain that we and others can entirely concur with this view because the converse is possibly true, in that practitioners and advocates of high throughput screening approaches have in fact overestimated the demand for such specialist training. For example, in recent critiques of bioinformatic training and employment, Hack and Kendall (2005) outlined the increase in the training and bioinformatics skills base of life-science graduates (and the number thereof), while Black and Stephan (2005) point out that there are a relatively declining number of career opportunities for people so qualified. Why is this? We suggest that the advice of Storey (2006, p. 332) , that "more workers in the comparative field … move their work down to the molecular level now to show that valuable and unique animal models are amenable to molecular studies," is not prophetic but in fact is already being heeded but with a view to making good use of molecular tools within an enlarged vision of integrative biology.
Arthropod (and Other) Physiology and Biochemistry: Diversity and Consensus?
The remainder of this perspective considers three symposia detailing different aspects of comparative arthropod physiology and biochemistry. These reflect the taxonomic and socioeconomic importance of the phylum (in Africa as much as anywhere).
The often fraught and contested discussions of the basis of discontinuous gas exchange cycles (DGCs) in insects have become once again a hot topic ); see, for example, the Nature paper of Hetz and Bradley (2005) and new scholarly texts (e.g., Chown and Nicolson 2004) . point out that a DGC is apparent in only eight out of 31 insect orders and yet has been studied with disproportionate intensity. Despite this level of interest, or perhaps because of it, agreement as to the adaptive significance of DGCs is far from universal, and indeed one hypothesis proposes that it is nonadaptive. The characteristics of DGCs and the measurement thereof are outlined by see also Wobschall and Hetz 2004) , and it seems that there is only slight disagreement within their consensus viewpoint despite five different propositions as to the origins and benefits of DGCs. These authors share the opinion that much remains to be done, including the clear statement and testing of adaptive and nonadaptive hypotheses. This is, it seems, the antithesis of the "death of hypotheses-driven research" message delivered by some advocates of molecular unity as a panacea for comparative physiology.
The most established hypothesis is the hygric, which proposes that DGCs evolved to minimize water loss (e.g., Lighton 1996) . More recent is the suggestion that DGCs may have been driven by hypoxia and/or hypercapnia in a fossorial existencethe chthonic (from the Greek word khthon, meaning "earth") hypothesis. An intriguing suggestion is that DGCs minimize the risk of oxidative damage when O 2 demand is low and when O 2 levels in the tissue rise, thus the oxidative damage hypothesis (Hetz and Bradley 2005) . The emergent property hypothesis (with reference to Chown and Holter 2000) suggests that DGC arose as a nonadaptive outcome of interactions between the O 2 and CO 2 set points that regulate spiracle opening. also feel that it would be wrong to rule out spiracle closure and protection as defense against infestation and perpetuate Miller's (1974) ideas in coining this the strolling arthropods hypothesis. The origins of DGCs seem polyphyletic, and thus more than one hypothesis may hold true, and while DGCs may have arisen under one pressure, it may be maintained in a species by different selective forces. In common with most other contributors to Ithala 2004 also recognize that high developmental plasticity in insects may result in the environment fixing differing adult characteristics. Thus, the question of DGCs and breathing in tracheate arthropods is far from being a "done deal."
In arthropods, chemical signals serve a multitude of purposes (Hoffmann et al. 2006, in this issue) . The production of these molecules is under genetic control, while their functioning requires specific receptors for translation into metabolic, developmental, or behavioral responses of animals. Hoffmann et al. (2006) view the tools for investigating this as chemical and molecular ecology but clearly intend a multihierarchal approach spanning between gene and environmental/landscape levels. They provide three examples to illustrate the diversity, advances, and utility in the study of arthropod chemical communication.
Generally, defensive chemicals are not prevalent in mobile marine invertebrates (Hoffmann et al. 2006) , but a notable exception is the pycnogonid Pycnogonum litorale, in which ecdysteroids (ESs; molting hormones in all arthropods) are exceptionally high and act as effective deterrents against predating crabs. The animal seems to be shielded from their hormonal effect by securing them within specialized exocrine glands. Hoffmann et al. (2006) speculate that this specialized defense has been necessitated by the low mobility of P. litorale. Chemical defensive mechanisms have evolved independently in different beetle taxa but in most species work immediately when beetles interact with other organisms (Hoffmann et al. 2006) . Beetles also produce hemolymph toxins, including alkaloids, polyamines, and, importantly, cantharidin, which is effective against vertebrates at very low concentration and immediately on skin contact (Dettner 1997) . The biosynthetic origins of the steroidal compounds remain unclear and likely must be derived from food or through the activity of gut (or other symbiotic) bacteria. In this case, a holistic appreciation of defense mechanisms will require understanding of the microbe as well as the insect.
Interspecific communication may utilize common compounds of intermediary metabolism (Hoffmann et al. 2006) . For example, ants obtain much of their carbohydrates from collecting sugar-rich honeydew from aphids, the composition of which varies between aphid species (e.g., Fischer et al. 2001) . Different aphid species showed distinct differences in composition and quantity of honeydew produced, and this affected the attendance by ants (e.g., Woodring et al. 2004 ). The black ant Lasius niger preferred honeydew with a high melezitose content (Völkl et al. 1999) , but the quantity of honeydew must also be sufficient to attract the ants (Hoffmann et al. 2006) . The nutritional quality of melezitose is lower than that of ordinary sucrose, and Hoffmann et al. (2006) are of the opinion that the evolution of melezitose as an "ant attractant" was a secondary event.
These authors (Hoffmann et al. 2006) conclude that hormones control the most critical developmental and reproductive events during an arthropod's life and that knowledge of the primary sequences, genetics, physiology, and biochemistry of these intraindividual signals and their receptors will enable the design of novel, safe, and selective compounds to control pest species.
The ecophysiology and mechanisms of ion regulation are together a major subdiscipline of comparative physiology (Zanotto and Wheatly 2006, in this issue), and a number of studies are used to illustrate their importance and diversity, for example, the functioning of the basolateral chloride pump (Cl Ϫ -ATPase) in the foregut of the marine molluscan Aplysia, which is a P-type ATPase (Gerencser and Zhang 2003) . Heavy metals such as Cu 2ϩ and Zn 2ϩ may be managed using systems routinely employed for Ca 2ϩ (Zanotto and Wheatly 2006) . Zanotto and Wheatly (2006) propose that mechanisms for Ca 2ϩ transport are important for heavy-metal sequestration in lobsters and are ancillary but adaptive roles for Ca 2ϩ within cells. Freshwater and terrestrial environments present invertebrates with large challenges in ionoregulation (Zanotto and Wheatly 2006) . In species such as crayfish, 97% of filtered urinary Ca 2ϩ is reabsorbed at the antennal gland via a plasma membrane Ca 2ϩ -ATPase (PMCA) in the antennal gland, which varies in its mRNA and protein expression in the antennal gland depending on molt phase (Gao and Wheatly 2004) . The quantification of specific mRNA as part of a comparative study exemplifies the useful employment of molecular methods without "fishing" and endorses Storey's (2006) view that we should concentrate on validation techniques. It appears that branchial Ca 2ϩ ion uptake still constitutes an important site for Ca 2ϩ regulation in terrestrial crabs and that a high-affinity Ca 2ϩ uptake mechanism within the antennal gland may indicate an unsuspected role in ion reclamation (Zanotto and Wheatly 2006) . Hormonal regulation of ion transport has evolved at least twice in land crabs because in an anomuran, dopamine and serotonin have an inhibitory effect on branchial ion uptake, while in a brachyuran crab, hormones showed a stimulatory effect. These types of physiological findings seem especially well suited to probing with molecular techniques.
Recent work on the terrestrial isopod Porcellio scaber has shown that before the molt Ca 2ϩ and are resorbed from Ϫ HCO 3 the posterior cuticle and stored in the old anterior cuticle as CaCO 3 ). This process requires both the release and the uptake of protons. The transport of protons is performed by a V-type H ϩ -ATPase that redistributes from the basolateral to the apical plasma membrane within the same epithelial cell as the direction of transepithelial proton transport reverses between CaCO 3 deposit formation and resorption.
Insects need to maintain ionic homeostasis as well as minimize water loss (Zanotto and Wheatly 2006) . Van Kerkhove and coworkers (Wiehart et al. 2003) described the functional importance of ATP-regulated K ϩ (KATP) channels in the basolateral membrane of the Malpighian tubules in Tenebrio molitor, the presence and activity of which have been linked with fluid secretion rates. Intracellular K ϩ homeostasis is in this way protected during metabolic inhibition through the action of KATP channels, allowing the cell to reestablish K ϩ transport when ATP is synthesized again.
Comparative Physiology and Biochemistry Are Fun!
The enthusiasm and dedication shown by the delegates to Ithala 2004 and by the authors of these collected reviews is a testament to the vibrancy, currency, relevance, and utility of approaches applied within the diffuse conglomeration of comparative physiology and biochemistry. In dealing with such a group of often entertaining and always stimulating delegates, it became apparent to us that comparative physiology and biochemistry have a great advantage-they're fun, and they're fun to communicate. With this in mind and in respect of some of the conversation that we overheard during the week in the African bush, we included the final paper of this collection (Morris et al. 2006 , in this issue). Many of the important insights (as well as some huge misconceptions) for "ordinary" people lie within the confines of comparative physiology and biochemistry and, as several of the authors emphasize, with this accrue social responsibilities.
The potential advantages to be gained from the screening of genome and proteome, and from applying more precise quantification of gene expression and protein production, are readily apparent. Equally apparent are the complementary gains from understanding posttranslational controls and protein-protein interactions. Is it then the fate of comparative physiology and biochemistry to become a hitchhiker on the molecular machine? It seems to us that this is likely simply a question of attitude and strategy. The huge challenge for practitioners of the comparative approach is to import what is useful (i.e., ways of measuring changes and interactions at the molecular level) into nonmodel species and within the environmental context without becoming embroiled in relatively unfocused screening and "fishing" exercises. What is reassuring is that the papers collected in this volume show that this is appreciated and is quietly happening. The future will be surprising. "May [we] live in interesting times" (Robert F. Kennedy, Cape Town, South Africa, June 7, 1966). We look forward to sharing some of that with you at Mara 2008.
